The natural nutrient component Curcumin with antiinflammatory and antitumor activity has previously been shown to stimulate apoptosis of several nucleated cell types. The present study has been performed to explore whether Curcumin could similarly induce suicidal death of erythrocytes or eryptosis, which is characterized by cell shrinkage and cell membrane scrambling with phosphatidylserine exposure at the erythrocyte surface. Phosphatidylserine exposing cells are phagocytosed and thus rapidly cleared from circulating blood. Erythrocyte membrane scrambling may be triggered by increase of cytosolic Ca 2+ activity or formation of ceramide. To test for eryptosis, erythrocyte phosphatidylserine exposure has been estimated from annexin V binding, and erythrocyte volume from forward scatter in FACS analysis. Exposure of erythrocytes to Curcumin (= 1µM) increased annexin V binding and decreased forward scatter, pointing to phosphatidylserine exposure at the cell surface and cell shrinkage. According to Fluo3 fluorescence Curcumin increased cytosolic Ca 2+ activity and according to immunofluorescence Curcumin increased ceramide formation. As shown previously, hypertonic shock (addition of 550mM sucrose), chloride removal and glucose depletion decreased the forward scatter and increased annexin V binding. The effects on annexin binding were enhanced in the presence of Curcumin. Exposure to Curcumin did, however, not significantly enhance the shrinking effect of hypertonic shock or Cl -removal and reversed the shrinking effect of glucose withdrawal. The present observations disclose a proeryptotic effect of Curcumin which may affect the life span of circulating erythrocytes.
Abstract
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Introduction
The anti-inflammatory and antitumor nutrient component Curcumin has been shown to trigger apoptosis in a wide variety of cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Curcumin is effective through a variety of mechanisms including influence on chromosomal organisation [12] , telomerase [13] , protein expression [14] [15] [16] , phosphatidylinositol 3 kinase pathway 154 [17] , mammalian target of rapamycin [18] , eicosanoid formation [19] and ceramide production [20] . On the other hand, Curcumin may exert an antioxidative and antiapoptotic action [21, 22] .
Controversial evidence has been reported about effects of Curcumin on cystic fibrosis conductance regulator CFTR [23] . While some studies reported that trafficking of intact or defective CFTR to the cell membrane is enhanced by Curcumin [24] [25] [26] [27] [28] , others failed to observe altered CFTR trafficking in the presence of Curcumin [29] [30] [31] [32] . Erythrocytes express CFTR [33] [34] [35] , which is apparently involved in ATP release [36] [37] [38] .
In erythrocytes Curcumin has been shown to trigger translocation of plasma membrane phospholipids and exposure of phosphatidylserine at the erythrocyte surface, effects attributed to changes of cell membrane lipid fluidity [39] . Phosphatidylserine exposure is a key event not only in apoptosis of nucleated cells [40] [41] [42] but as well part of eryptosis, the suicidal machinery of erythrocytes [43] .
Eryptosis may follow activation of Ca
2+
-permeable erythrocyte cation channels [44] [45] [46] -sensitive scrambling of the cell membrane [49] with phosphatidylserine exposure at the cell surface [45] . Cell membrane scrambling is further triggered by ceramide (acylsphingosine) [50] . Since phosphatidylserine exposing erythrocytes are rapidly engulfed and degraded by macrophages [51] , they are rapidly eliminated from circulating blood [52] . Thus, similar to erythrocyte senescence [53] [54] [55] and neocytolysis [56] , eryptosis leads to suicidal erythrocyte death. A number of substances or conditions have previously been shown to trigger eryptosis [43] including PGE2 [57] , platelet activating factor [58] , paclitaxel [59] , chlorpromazine [60] , mercury [61] , lead [62] , hemolysin [63] , phosphate depletion [64] , iron deficiency [52] , Hemolytic Uremic Syndrome [65] malaria infection [66] and several inherited erythrocyte disorders [67] . Eryptosis is inhibited by erythropoietin [68] , urea [69] , catecholamines and distinct channel inhibitors [44, 48] .
The present experiments have been performed to determine the effects of Curcumin on cytosolic Ca 
Materials and Methods

Erythrocytes, solutions and chemicals
Experiments were performed at 37°C with isolated erythrocytes drawn from healthy volunteers. The volunteers provided informed consent. The study has been approved by the ethics committee of the University of Tübingen (184/2003V).
Ringer solution contained (in mM): 125NaCl, 5KCl, 1MgSO 4 , 32N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 5 glucose, 1CaCl 2 ; pH 7.4. Where indicated, glucose was ommitted from the Ringer solution and replaced by NaCl (2.5mM), chloride was replaced by gluconate or osmolarity increased by addition of 550mM sucrose.
Curcumin was used at concentrations ranging from 0.1 to 10µM, ionomycin at a concentration of 1µM. Where applicable, the final concentration of the solvent dimethyl sulfoxide (DMSO) was 0.1%. Ionomycin and Curcumin were purchased from Sigma (Taufkirchen, Germany), the Ca 2+ dye Fluo-3/AM from Calbiochem (Bad Soden, Germany).
FACS analysis of annexin V binding and forward scatter
FACS analysis was performed as described [70] . After incubation in the presence or absence of Curcumin, cells were washed in annexin V binding buffer containing (in mM): 125NaCl, 10HEPES/NaOH (pH 7.4), and 5CaCl 2 . Erythrocytes were suspended in a solution composed of Annexin-V-Fluos (Roche Diagnostics, Mannheim, Germany) and annexin V buffer (dilution of 1:50). After 10min. of incubation, samples were finally diluted 1:5 in annexin V binding buffer and measured by flow cytometric analysis on a FACS-Calibur from Becton Dickinson (Heidelberg, Germany). Cells were analysed by forward scatter and annexin V fluorescence intensity was measured in FL-1 with an excitation wavelength of 488nm and an emission wavelength of 530nm.
Measurement of intracellular Ca
2+
Intracellular Ca 2+ measurements were performed as described previously [57] . Erythrocytes were loaded with Fluo-3/AM (Calbiochem) by addition of 2µl of a Fluo-3/AM stock solution (2.0mM in DMSO) to 1ml erythrocyte suspension (0.16% hematocrit in Ringer). Cells were incubated at 37°C for 15min under protection from light. Subsequently, an additional 2µl aliquot of Fluo-3/AM stock solution was added, and the cells were incubated for 25min. Fluo-3-AM-loaded erythrocytes were centrifuged at 1000g for 5min at 22°C and washed two times with Ringer solution containing 0.5% bovine serum albumin (Sigma) and one time with Ringer. Fluo-3/AM-loaded erythrocytes were re-suspended in 0. 
Determination of ceramide formation
For determination of ceramide, cells were stained for 1h at 4°C with an anti-ceramide antibody (Alexis corporation, Lausen, Switzerland) or isotype matched pure mouse antibody in phosphate buffered saline (PBS) containing 1% fetal calf serum (FCS) at a dilution of 1:5 as described recently [50] . After incubation of the cells with different concentrations of Curcumin, cells were washed three times with PBS/1% FCS and then stained with a polyclonal fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse Ig specific antibody (Pharmingen, Hamburg, Germany) in PBS/1% FCS at a dilution of 1:50 for 30min. Unbound secondary antibody was removed by washing the cells two times with PBS/1% FCS and samples were analyzed by flow cytometric analysis on a FACS-Calibur. FITCfluorescence intensity was measured in FL-1. 
Determination of hemolysis
In order to control for hemolysis, cells were suspended (0.16% hematocrit) and incubated for 24h in Ringer's solution containing different concentractions of curcumin. After incubation, hemoglobin concentration in the supernatant was determined by photometric measurement (Tecan Elisa Reader, at 405nm). The respective values are expressed in percentage of haemoglobin concentration following complete lysis of the cells by exposure to pure water (set as 100% hemolysis). The absorption of Curcumin has been determined concurrently and was substracted from the absorption of the supernatant.
Statistics
Data are expressed as arithmetic means ± SEM and statistical analysis was made by paired or unpaired t-test or ANOVA, as appropriate.
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Results
Annexin V binding has been utilized to identify phosphatidylserine exposing erythrocytes. The percentage of annexin V exposing erythrocytes was in average 2.53 ± 0.37% (n=4) following exposure to drug-free Ringer solution. The addition of Curcumin dose-dependently increased the percentage of annexin V binding cells (Fig. 1A,B) . The effect reached statistical significance at 1µM Curcumin. At 10µM Curcumin led to significant annexin binding within 30min (Fig. 1C) .
Alterations of cell volume were estimated by determination of the forward scatter in FACS analysis. Curcumin exposure was followed by a dose dependent decrease of the forward scatter pointing to erythrocyte shrinkage ( Fig. 2A,B) . Following exposure to 10µM Curcumin a significant decrease of forward scatter was observed within 30min (Fig. 2C ). concentration could contribute to or even account for the stimulation of phosphatidylserine exposure and cell shrinkage following Curcumin treatment.
According to immunofluorescence Curcumin further significantly increased ceramide formation (Fig. 4) . Thus, in addition to increased cytosolic Ca 2+ activity, ceramide could contribute to the stimulation of cell membrane scrambling.
Further experiments have been performed to explore whether Curcumin modified the well known eryptotic effect of hypertonic cell shrinkage. As displayed in Fig. 5 , hyperosmotic shock significantly increased the percentage of annexin V binding erythrocytes. The effect of hyperosmotic shock on annexin V binding was significantly augmented by addition of Curcumin. The exposure of erythrocytes to hyperosmotic solutions was further followed by the expected decrease of forward scatter pointing to cell shrinkage (Fig. 6) . In hypertonic medium, the forward scatter was similar in the presence and absence of Curcumin. Thus, in hypertonic medium Curcumin did not elicit further profound cell shrinkage.
Similar to hyperosmolarity, Cl -removal leads to cell shrinkage and eryptosis. Thus, additional experiments have been performed to explore whether Curcumin modified the effects of Cl Eryptosis is further triggered by glucose removal from the medium. Thus, experiments were performed to explore, whether Curcumin modifies the eryptosis during glucose depletion. As expected, glucose removal again markedly increased the percentage of annexin V binding erythrocytes (Fig. 9 ) and decreased the forward scatter (Fig. 10) . The increase of annexin binding of glucose depleted erythrocytes was further increased by Curcumin. In contrast, Curcumin blunted the effect of glucose depletion on forward scatter. Thus, at 10µM Curcumin, the forward scatter was similar in glucose replete and glucose depleted erythrocytes.
Discussion
The present experiments confirm the previous observation [39] that Curcumin triggers cell membrane lipid scrambling with phosphatidylserine exposure at the cell surface. They extend those observations by the demonstration that Curcumin leads to cell shrinkage, another hallmark of eryptosis [43] . Moreover, the experiments reveal that Curcumin stimulates Ca needed for a significant increase of cytosolic Ca 2+ activity were larger than the concentrations needed to trigger significant annexin V binding. It should be kept in mind, however, that due to loss of dye, the Ca 2+ measurements could be performed only up to 3h incubation, while the annexin V binding has been determined following 24h exposure to curcumin. Following an extended exposure [ 47, 48] . Increase of cytosolic Ca 2+ activity is further expected to trigger lipid scrambling of the cell membrane leading to phosphatidylserine exposure at the cell surface [45] . Additional Ca 2+ sensitive functions include modification of the cytoskeleton [71, 72] and activation of a wide variety of Ca 2+ sensitive enzymes such as transglutaminase [73] , phospholipases [74] , calpain [73] , protein kinases and phosphatases [75, 76] . The degradation of membrane proteins by calpain fosters cell membrane blebbing, another hallmark of eryptosis [77, 78] .
Ceramide formation presumably contributes to the triggering of phosphatidylserine exposure following Curcumin treatment, as ceramide has previously been shown to sensitize the cells to the scrambling effects of Ca 2+. [50] . A stimulating effect of Curcumin on ceramide formation has similarly been observed in nucleated cells [20] . In view of a putative stimulating effect of Curcumin on CFTR [24] and the role of CFTR in ATP release [36] [37] [38] , Curcumin could trigger cellular release of ATP leading to cellular ATP depletion on the one side and autocrine purinergic stimulation on the other. Our observations do not allow postulating or excluding the contribution of this potential mechanism to Curcumin induced eryptosis.
Nevertheless, Curcumin triggers cell membrane scrambling not only by direct influence on lipid fluidity but initiates several cellular mechanisms known to cause eryptosis.
Interestingly, Curcumin reverses the decrease of forward scatter during glucose depletion. The present data do not allow any safe conclusion as to the mechanism underlying this paradox effect of Curcumin on forward scatter. It is tempting to speculate, however, that glucose depletion may lead to impairment of the Na The exposure of phosphatidylserine at the cell surface is one of the signals triggering the phagocytotic removal of apoptotic or eryptotic cells, as phagocytes are equipped with phosphatidylserine receptors [79] , which mediate engulfment and intracellular degradation of the defective cells [51] . Thus, phosphatidylserine exposing erythrocytes are rapidly cleared from circulating blood [52] . Hence, at least in theory, Curcumin may decrease the erythrocyte life span and thus favour the development of anemia.
In conclusion, Curcumin does not only induce apoptosis of nucleated cells but similarly triggers suicidal death of erythrocytes. Mechanisms involved in Curcumin induced erythrocyte death include stimulation of Ca 2+ entry and formation of ceramide. Those mechanisms may similarly participate in the effects of Curcumin on nucleated cells.
